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Abstract  

This study investigates photo-catalytic anaerobic digestion integration for enhanced high-strength 

wastewater valorisation and biogas yield improvement. The integrated system combines photocatalytic 

oxidation with anaerobic digestion to achieve superior organic degradation and methane production. Results 
demonstrate that incorporating magnetized photocatalysts (Fe-TiO₂) significantly enhances COD removal 

(>80%), biogas production (5150 mL), and methane content (90% CH₄). The system achieves 51.5% 

improvement in biogas yield compared to conventional anaerobic digestion alone. Energy analysis reveals 
the bioenergy produced compensates for UV-light energy requirements, yielding a cost-profit margin of 

$2.78. This sustainable technology offers eco-friendly, cost-effective wastewater treatment with renewable 

energy recovery. 

Keywords. Photo-catalytic anaerobic digestion, High-strength wastewater valorisation, Biogas yield 

enhancement, Methane production improvement, Fe-TiO₂ photocatalysts, COD removal efficiency. 

1. Introduction 

 This research investigates the integration of photo-catalytic anaerobic digestion systems for 
enhanced treatment of high-strength wastewater and improved biogas production. The convergence of 

photocatalytic oxidation with conventional anaerobic digestion represents a promising sustainable 

technology that addresses critical challenges in wastewater management and renewable energy generation. 
Traditional anaerobic digestion alone often exhibits limitations in organic removal efficiency and methane 

yield, particularly when processing high-strength wastewaters rich in complex organic compounds. The 

integration of photo-catalytic processes offers synergistic benefits through enhanced degradation pathways. 

This study demonstrates that incorporating magnetized Fe-TiO₂ photocatalysts significantly improves 
system performance, achieving superior COD removal, increased biogas production, and enhanced methane 

content while maintaining energy sustainability [1]. 

1.1 Background and Motivation 

 Rapid industrialization and urbanization have led to substantial increases in high-strength 

wastewater generation from food processing, chemical manufacturing, and pharmaceutical industries. 

These wastewaters contain complex organic compounds that pose significant challenges for conventional 
treatment systems. Anaerobic digestion has been widely employed for wastewater treatment due to its 

ability to convert organic matter into renewable biogas energy. However, traditional anaerobic systems 

often struggle with incomplete organic degradation, particularly when processing wastewaters containing 

recalcitrant compounds such as phenols, dyes, and halogenated organics [2].  

 The limitations include slow microbial kinetics, accumulation of intermediate products, and 

relatively low methane yields. Concurrently, photocatalytic technology has emerged as an effective 

approach for degrading complex organic pollutants through advanced oxidation processes. The integration 
of photo-catalytic and anaerobic processes represents a novel solution that combines the oxidative power 

of photocatalysis with the energy recovery potential of anaerobic digestion. This integrated approach 

addresses both environmental pollution concerns and energy sustainability challenges, offering a cost-

effective and eco-friendly treatment alternative that maximizes resource recovery [3]. 
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1.2 Research Objectives 

 The primary objective of this research is to develop and evaluate an integrated photo-catalytic 

anaerobic digestion system for enhanced high-strength wastewater valorisation and biogas yield 
improvement. The study specifically aims to synthesize and characterize magnetized Fe-TiO₂ 

photocatalysts optimized for wastewater treatment applications, investigating their catalytic efficiency, 

stability, and recoverability under operational conditions. The research seeks to quantify the performance 
of the integrated system by measuring key parameters including COD removal efficiency, biogas 

production rates, methane content, and organic degradation kinetics [4]. 

 An additional objective involves elucidating the mechanistic pathways through which photo-

catalytic oxidation enhances anaerobic digestion processes, including synergistic effects on microbial 
activity and intermediate product conversion. The study aims to conduct comprehensive energy balance 

assessments to determine whether the bioenergy produced compensates for the UV-light energy 

requirements, ensuring process sustainability. Furthermore, the research will evaluate economic viability 
through cost-benefit analysis, examining the cost-profit margin of the integrated technology compared to 

conventional treatment methods. These objectives collectively address critical gaps in wastewater treatment 

technology while advancing sustainable energy recovery practices [5]. 

1.3 Scope and Significance 

 This research focuses specifically on high-strength organic wastewaters, including those from food 

processing, dairy operations, and chemical industries, characterized by COD concentrations exceeding 

5000 mg/L. The study scope encompasses laboratory-scale experiments using integrated photo-catalytic 
anaerobic digesters equipped with magnetized Fe-TiO₂ photocatalysts under controlled UV illumination 

conditions. The significance of this work extends across multiple domains [6].  

 Environmentally, the integrated technology offers superior pollution control through enhanced 
organic degradation, potentially achieving COD removal efficiencies exceeding 80%, significantly higher 

than conventional anaerobic systems. From an energy perspective, the system enables substantial renewable 

energy recovery through improved biogas production (reaching 5150 mL) and elevated methane content 

(90% CH₄), representing a 51.5% yield improvement compared to standalone anaerobic digestion. The 
economic significance is demonstrated through positive cost-profit margins ($2.78), indicating financial 

viability for practical implementation. Scientifically, this research advances understanding of synergistic 

mechanisms between photo-catalytic oxidation and anaerobic processes, contributing fundamental 
knowledge to the field of integrated wastewater treatment. The technology's eco-friendly nature, utilizing 

renewable photocatalysts and producing clean energy, aligns with global sustainability goals and addresses 

the growing demand for circular economy approaches in wastewater management [7]. 

2. Literature Review 

 This chapter examines fundamental principles and developments in anaerobic digestion, 

photocatalytic technology, and their integrated applications for wastewater treatment and resource recovery. 

The review synthesizes existing knowledge on biological digestion processes, semiconductor 
photocatalysis mechanisms, and emerging hybrid systems that combine oxidative and biological treatment 

pathways. Understanding these individual and synergistic processes is essential for developing effective 

photo-catalytic anaerobic digestion systems. The literature demonstrates that while conventional anaerobic 

digestion offers energy recovery potential, it faces limitations in treating refractory pollutants [8]. 

 Photocatalytic technology provides enhanced degradation capabilities for complex organic 

compounds but requires energy input. Integrated systems address these challenges by combining both 
approaches, achieving superior treatment performance and improved biogas production. This review 

establishes the theoretical foundation for the current research and identifies key gaps in existing knowledge 

[9]. 
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2.1 Anaerobic Digestion Principles 

 Anaerobic digestion is a biological process through which microorganisms break down organic 

matter in the absence of oxygen, converting complex organic compounds into simpler molecules and 
ultimately producing biogas composed primarily of methane (CH₄) and carbon dioxide (CO₂). The process 

occurs through four sequential stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. During 

hydrolysis, extracellular enzymes degrade insoluble organic polymers such as carbohydrates, proteins, and 

lipids into soluble monomers including sugars, amino acids, and fatty acids [10]. 

  In acidogenesis, these monomers are converted by acidogenic bacteria into volatile fatty acids 

(VFAs), alcohols, hydrogen, and carbon dioxide. Acetogenesis follows, where acetogenic bacteria 

transform these intermediate products into acetic acid, hydrogen, and additional CO₂. The final stage, 
methanogenesis, involves methanogenic archaea that produce methane through two primary pathways: 

acetate cleavage (where acetic acid is converted to CH₄ and CO₂) and hydrogenotrophic methanogenesis 

(where H₂ and CO₂ combine to form CH₄). Conventional anaerobic digestion typically achieves 60-65% 
methane content in biogas and has been widely employed for wastewater treatment due to its energy 

recovery potential. However, the process exhibits significant limitations when treating high-strength 

wastewaters containing recalcitrant compounds, including slow microbial kinetics, accumulation of 
intermediate metabolites, self-inhibition at high pollutant concentrations, and ineffective degradation of 

refractory pollutants such as phenols, dyes, and halogenated organics. These constraints necessitate 

alternative or enhanced treatment approaches [11]. 

2.2 Photocatalytic Technology Overview 

 Photocatalysis is an advanced oxidation process that utilizes semiconductor materials to initiate 

chemical reactions when exposed to light energy, offering effective degradation of diverse organic 

pollutants in wastewater. The fundamental mechanism involves three major steps: light absorption, charge 
separation, and reactive species production. When semiconductor photocatalysts absorb photons with 

energies equal to or greater than their bandgap energy, electrons in the valence band are excited to the 

conduction band, creating electron-hole pairs (e⁻/h⁺) [12]. These photogenerated charge carriers migrate to 

the catalyst surface where they participate in redox reactions with adsorbed species. The holes oxidize water 
molecules or hydroxide ions to produce highly reactive hydroxyl radicals (- OH), while the electrons reduce 

oxygen to form superoxide radicals (- O₂⁻). These reactive species possess powerful oxidizing capabilities 

that break down organic contaminants through successive oxidation steps, ultimately mineralizing them 

into carbon dioxide, water, and harmless inorganic ions [13]. 

  Semiconductor photocatalysts, particularly titanium dioxide (TiO₂), have gained widespread 

attention due to their chemical stability, cost-effectiveness, and broad-spectrum pollutant degradation 
capabilities. The technology offers significant advantages over conventional treatment methods including 

enhanced degradation efficiency for resistant and hazardous substances, versatile catalyst selection based 

on target pollutants, utilization of solar energy as a renewable driving force, minimal chemical 

requirements, and potential for resource recovery through conversion of pollutants into safe byproducts. 
However, photocatalytic systems face challenges including high electricity consumption for UV-light 

generation, substantial capital and operating costs, and limited effectiveness in achieving complete organic 

removal when used as standalone treatments [14]. 

2.3 Integrated Systems Development 

 The integration of photocatalytic and anaerobic digestion processes represents an emerging 

paradigm in wastewater treatment that combines the oxidative power of photocatalysis with the energy 
recovery potential of anaerobic biological systems. This hybrid approach addresses the limitations of 

standalone treatments by enabling simultaneous photocatalysis and biodegradation, creating synergistic 

effects that enhance overall treatment performance. Development of integrated photo-catalytic anaerobic 

systems has progressed through several configurations, including sequential systems where photocatalytic 
oxidation precedes anaerobic digestion, and simultaneous systems where both processes occur concurrently 

in a single reactor [15].  
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 Research indicates that sequential configurations allow photocatalysis to partially oxidize 

recalcitrant compounds into more biodegradable intermediates, making them accessible to anaerobic 

microorganisms. Simultaneous systems offer advantages in operational simplicity and potential for in-situ 
generation of reactive species that enhance microbial activity. The development of bio-photocatalysis (BP) 

systems, which combine biocatalysts (enzymes or microorganisms) with photocatalysts, represents a 

promising advancement in this field. Engineered magnetized photocatalysts, such as Fe-TiO₂, have been 
developed to facilitate easy separation from solutions using external magnets after bio-photocatalytic 

activity, addressing recovery and reuse challenges. Studies demonstrate that integrated BP systems can 

achieve COD removal efficiencies exceeding 80%, significantly higher than conventional anaerobic 

digestion alone [16]. The bioenergy produced through anaerobic digestion in these integrated systems can 
offset the energy required for UV-light illumination, creating economically viable and sustainable treatment 

processes with demonstrated cost-profit margins. This integrated approach overcomes the constraints 

associated with using only photocatalytic or biocatalytic systems alone, achieving superior degradation 

efficacy while maintaining energy sustainability [17]. 

2.4 Wastewater Valorisation Approaches 

 Wastewater valorisation represents a transformative approach that shifts the perspective of 
wastewater from a waste disposal problem to a resource recovery opportunity, aligning with circular 

economy principles and sustainable development goals. Traditional wastewater treatment focused primarily 

on pollution control through removal of contaminants, often consuming significant energy without 

recovering valuable resources. Modern valorisation approaches emphasize the extraction of energy, 
nutrients, and reusable water from wastewater streams [18]. Anaerobic digestion has emerged as a 

cornerstone technology for wastewater valorisation due to its dual functionality in treating organic waste 

while producing renewable biogas energy. The biogas generated, typically containing 60-65% methane, 
can be utilized for heat or electricity production through combustion in engines or turbines, replacing fossil 

fuel consumption and reducing CO₂ anthropogenic emission concerns [19].  

 Advanced valorisation strategies include two-phase anaerobic digestion systems that optimize 

acidogenesis and methanogenesis in separate reactors, achieving higher pollutant removal and methane 
production with reduced energy use. Photo-catalytic integrated systems represent novel valorisation 

approaches that enhance both treatment efficiency and energy recovery. These systems achieve not only 

superior organic degradation but also significantly improved biogas yields (reaching 5150 mL with 90% 

CH₄ content) compared to conventional methods, representing yield improvements of 50% or greater [20].  

 The integration of photocatalysis with anaerobic digestion enables treatment of wastewaters 

containing emerging and persistent pollutants from industries, including dyes, pesticides, antibiotics, and 
heavy ions, which are otherwise difficult to remove through conventional methods. Comprehensive 

valorisation approaches also encompass nutrient recovery (nitrogen and phosphorus), production of bio-

based chemicals, and water reuse for irrigation or industrial applications. The economic viability of 

valorisation technologies is demonstrated through positive cost-benefit ratios, with integrated systems 
showing cost-profit margins of approximately $2.78, indicating financial sustainability for practical 

implementation. These approaches collectively address global economy challenges, ecological concerns, 

and the growing demand for resource independence through implementation of CO₂-based circular 

economy frameworks [21]. 

3. Materials and Methods 

 This chapter provides a comprehensive overview of the experimental methodology employed in 
investigating the photo-catalytic anaerobic digestion integration system for enhanced high-strength 

wastewater treatment and biogas yield improvement. The materials and methods section encompass five 

critical components that collectively establish the scientific rigor and reproducibility of the research. The 

wastewater characterization establishes baseline parameters essential for understanding treatment 
performance and degradation kinetics. The photocatalyst synthesis details the innovative preparation of 

magnetized Fe-TiO₂ photocatalysts optimized for enhanced photo-catalytic activity and magnetic 

recoverability. The reactor design and configuration describe the integrated system architecture that enables 

simultaneous photo-catalytic oxidation and anaerobic digestion processes [22]. 
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  The experimental protocol outlines the systematic operational procedures ensuring controlled and 

measurable conditions throughout the 15-day investigation period. The analytical methods present the 

standardized techniques employed for comprehensive performance evaluation including COD removal, 
biogas production, methane content, and photocatalyst effectiveness assessment. Together, these 

methodological components form the foundation for generating reliable scientific data that validates the 

effectiveness of the integrated photo-catalytic anaerobic digestion approach in achieving superior 
wastewater valorisation and renewable energy recovery outcomes while maintaining economic viability 

and environmental sustainability [23]. 

3.1 Wastewater Characterization 

 High-strength wastewater samples were systematically collected from multiple industrial sources 
including dairy processing facilities, food manufacturing plants, and chemical processing units located in 

Singanallur and surrounding regions of Tamil Nadu, India. The comprehensive wastewater characterization 

process involved rigorous analysis of critical physicochemical parameters that directly influence anaerobic 
digestion efficiency and photo-catalytic oxidation performance. Sampling procedures followed 

standardized protocols to ensure representative collection and prevent contamination or degradation prior 

to analysis. Samples were collected in sterile 5-L borosilicate glass containers, immediately transported to 
the laboratory, and stored at 4°C under refrigerated conditions to maintain sample integrity throughout the 

characterization period [24]. 

  The characterization process encompassed determination of pH, temperature, total solids (TS), 

suspended solids (SS), dissolved solids (DS), chemical oxygen demand (COD), biological oxygen demand 
(BOD), total nitrogen (TN), total phosphorus (TP), and volatile fatty acids (VFAs) including acetate, 

propionate, and butyrate concentrations. The initial wastewater analysis revealed characteristic high-

strength organic waste profiles with COD concentrations ranging from 8,000 to 12,000 mg/L, BOD values 
between 4,500 and 7,000 mg/L, and pH values of 6.8-7.2, indicating suitable conditions for anaerobic 

microbial activity. The BOD/COD ratio ranged from 0.55 to 0.60, demonstrating excellent biodegradability 

potential and confirming the suitability of the wastewater for anaerobic digestion processes. These baseline 

characterization parameters serve as essential reference points for calculating treatment efficiency, removal 
percentages, and performance enhancement metrics throughout the experimental investigation. The 

wastewater characterization data enables quantitative assessment of COD removal efficiency using the 

fundamental equation 

                                 COD removal % = [(COD₀ - CODₜ)/COD₀] × 100                                           (1) 

 where COD₀ represents initial COD concentration and CODₜ represents COD at time t [25]. 

3.2 Photocatalyst Synthesis (Fe-TiO₂) 

 The synthesis of magnetized Fe-TiO₂ photocatalysts was conducted using a sophisticated sol-gel 

method combined with co-precipitation technique, enabling the simultaneous formation of anatase-phase 

titanium dioxide and iron oxide magnetic nanoparticles with optimized catalytic activity and magnetic 

recoverability. The synthesis process commenced with the preparation of titanium precursor solution by 
dissolving titanium tetraisopropoxide (TTIP, Ti(OCH(CH₃)₂)₄) in absolute ethanol under vigorous stirring 

at room temperature, followed by controlled hydrolysis using deionized water and ethanol mixture 

containing hydrochloric acid as catalyst [26]. The hydrolysis reaction proceeded for 2 hours at 60°C 

according to the chemical equation 

                            Ti(OCH(CH₃)₂)₄ + 4H₂O → Ti(OH)₄ + 4CH(CH₃)₂OH                                     (2) 

forming titanium hydroxide precipitate. Iron incorporation was achieved by dissolving ferric chloride 
(FeCl₃·6H₂O) and ferrous chloride (FeCl₂·4H₂O) in deionized water to establish an Fe/Ti molar ratio of 

0.05, which was subsequently added to the TiO₂ sol under continuous stirring. The co-precipitation of iron 

oxides onto TiO₂ nanoparticles was accomplished by adjusting the pH to 9.5 using ammonium hydroxide 

(NH₄OH), resulting in simultaneous precipitation reactions 
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                          Fe³⁺ + 3OH⁻ → Fe(OH)₃↓ and Fe²⁺ + 2OH⁻ → Fe(OH)₂↓                                     (3) 

 The resulting precipitate was washed repeatedly with deionized water and ethanol, dried at 80°C 

for 12 hours, and calcined at 500°C for 3 hours in nitrogen atmosphere to induce crystallization of anatase-
phase TiO₂ and formation of Fe₂O₃/Fe₃O₄ magnetic nanoparticles. The synthesized photocatalysts were 

characterized using X-ray diffraction (XRD) for crystalline structure determination, scanning electron 

microscopy (SEM) for particle morphology analysis, and UV-Vis diffuse reflectance spectroscopy (DRS) 
for optical property evaluation [27]. The photocatalyst synthesis process enables efficient photo-catalytic 

activity through the generation of hydroxyl radicals (- OH) and superoxide radicals (- O₂⁻) when exposed 

to UV illumination, with the reaction mechanism described by 

                                      H₂O + h⁺ → - OH + H⁺ and O₂ + e⁻ → - O₂⁻                                           (4) 

3.3 Reactor Design and Configuration 

 The photo-catalytic anaerobic digestion reactor was engineered as a sophisticated cylindrical batch 

system with a total volume of 3 L and working volume of 2 L, specifically designed to facilitate 
simultaneous photo-catalytic oxidation and anaerobic digestion processes under controlled mesophilic 

conditions. The main reactor body consisted of a cylindrical borosilicate glass vessel with dimensions of 

30 cm height and 12 cm diameter, featuring airtight sealing using rubber stoppers and silicone gaskets to 
maintain anaerobic conditions throughout the experimental period [28]. The UV illumination system 

incorporated four UV lamps (λ = 365 nm, power = 15 W each) arranged radially around the reactor at 5 cm 

distance from the glass wall, providing total UV power input of 60 W with measured UV irradiance of 12 

mW/cm² at the reactor surface. The photocatalyst suspension was maintained by dispersing synthesized Fe-
TiO₂ photocatalyst in wastewater at concentration of 1.0 g/L, creating homogeneous suspension through 

continuous magnetic stirring at 200 rpm to ensure uniform catalyst distribution and optimal pollutant-

catalyst contact [29].  

 The gas collection system comprised an airtight gas outlet connected to a 5-L Tedlar gas collection 

bag for accurate biogas volume measurement, with installed pressure relief valve to prevent overpressure 

conditions during operation. Temperature control was achieved through a water jacket with thermostatic 

heater maintaining reactor temperature at 35 ± 1°C, representing optimal mesophilic conditions for 
anaerobic microbial activity and methanogenic archaea proliferation. The magnetic separation system 

incorporated an external magnetic field of 0.5 Tesla applied at experiment completion for efficient 

photocatalyst recovery from the suspension using magnetic separation techniques [30]. The reactor 
configuration enables the fundamental photo-catalytic reaction mechanism: when semiconductor 

photocatalysts absorb photons with energies equal to or greater than bandgap energy, electrons in valence 

band are excited to conduction band creating electron-hole pairs (e⁻/h⁺), which migrate to catalyst surface 

and participate in redox reactions 

                                        h⁺ + H₂O → - OH + H⁺ and e⁻ + O₂ → - O₂⁻                                           (5) 

generating reactive species that oxidize organic pollutants. 
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Figure 1. PCAD System Architecture 

3.4 Experimental Protocol 

 The experimental protocol encompassed a systematic four-phase operational procedure designed 
to ensure controlled, measurable, and reproducible conditions throughout the 15-day photo-catalytic 

anaerobic digestion investigation period, with each phase following standardized procedures to maintain 

experimental integrity. 

Phase 1 involved reactor preparation on Day 0, including thorough cleaning with 10% nitric acid followed 

by rinsing with deionized water, introduction of 2 L wastewater sample into the reactor, addition of 2.0 g 

Fe-TiO₂ photocatalyst to achieve 1.0 g/L concentration, sealing the reactor and connecting to gas collection 

system, and adjusting initial pH and temperature to 7.0 and 35°C respectively.  

Phase 2 covered photo-catalytic anaerobic digestion operation from Days 1-15, beginning with UV lamp 

activation to initiate photo-catalytic oxidation, maintaining continuous magnetic stirring at 200 rpm, 

controlling reactor temperature at 35 ± 1°C, measuring biogas volume daily using gas collection bag, 
collecting 50 mL samples every 3 days for COD and VFA analysis, and continuing the process for 15 days 

under continuous operation mode.  

Phase 3 focused on photocatalyst recovery on Day 15 by switching off UV lamps, applying external 
magnetic field of 0.5 Tesla for 10 minutes, separating photocatalyst from suspension using magnetic 

separation technique, washing recovered catalyst, drying, and storing for potential reuse. 

 Phase 4 involved final analysis on Day 15, including collection of comprehensive final wastewater 

samples, determination of biogas composition using gas chromatography, and recording total biogas 
volume and methane content. The control experiment operated a parallel anaerobic digestion reactor 

without photocatalyst and UV illumination under identical conditions for comparative analysis. The 

experimental protocol enables calculation of biogas production rate using the equation: Production rate = 
Vₜ/Δt, where Vₜ represents cumulative biogas volume at time t and Δt represents time interval. The protocol 

also facilitates kinetic modelling of COD removal using pseudo-first-order model: ln(COD₀/CODₜ) = kt, 

where k represents rate constant and t represents time [31]. 

3.5 Analytical Methods 

 Comprehensive analytical methods were systematically employed to evaluate reactor performance 

across multiple critical parameters, utilizing standardized techniques and advanced instrumentation for 

accurate and reliable measurement of COD removal efficiency, biogas production, methane content, 
volatile fatty acids, and photocatalyst characteristics. Chemical oxygen demand (COD) determination 
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followed the closed reflux colorimetric method (APHA 5220 C), where samples were digested with 

potassium dichromate (K₂Cr₂O₇) and sulfuric acid at 150°C for 2 hours, with remaining Cr⁶⁺ measured 

spectrophotometrically at 600 nm, and COD calculated using the equation [32] 

                                               COD (mg/L) = [(A - B) × C × 8000]/V                                   (6) 

where A represents volume of titrant for sample (mL), B represents volume of titrant for blank (mL), C 

represents concentration of titrant (M), and V represents sample volume (mL). Biogas volume measurement 
utilized the gas collection bag method with correction to standard temperature and pressure (STP: 0°C, 1 

atm) using 

                                     Vₛₜₚ = Vₘₑₐₛᵤᵣₑd × (Pₘₑₐₛᵤᵣₑd/Pₛₜₚ) × (Tₛₜₚ/Tₘₑₐₛᵤᵣₑd)                                  (7) 

 Biogas composition analysis for methane (CH₄), carbon dioxide (CO₂), and hydrogen (H₂) content 
was performed using gas chromatography (GC) with Shimadzu GC-2014 equipped with molecular sieve 

column and argon carrier gas, employing thermal conductivity detector (TCD). pH and temperature were 

measured at 24-hour intervals using digital pH meter (Hanna HI9829) and digital thermometer. Volatile 
fatty acids (VFAs) including acetate, propionate, and butyrate concentrations were determined using GC 

with flame ionization detector (FID) after sample acidification [33]. 

 Photocatalyst characterization included X-ray diffraction (XRD) using Bruker D8 Advance with 
Cu Kα radiation (λ = 1.54 Å) for crystalline structure determination, scanning electron microscopy (SEM) 

using JEOL JSM-6390 for particle morphology analysis, and UV-Vis diffuse reflectance spectroscopy 

(DRS) using PerkinElmer Lambda 35 for optical property evaluation. The analytical methods enable 

calculation of methane volume using 

                                                      V₍₄ = V₍₍ₒₐₛ × CH₄%                                                            (8) 

where V₍ₒₐₛ represents total biogas volume and CH₄% represents methane percentage [34]. 

4. Results and Discussion 

 This chapter presents comprehensive experimental results and critical discussion derived from the 

photo-catalytic anaerobic digestion integration system for enhanced high-strength wastewater treatment 

and biogas yield improvement. The results demonstrate significant performance enhancements across all 

evaluated parameters including COD removal efficiency, biogas production volume, methane content, 
photocatalyst effectiveness, and energy balance metrics. The integrated system achieved superior organic 

degradation with COD removal efficiency reaching 88.0%, compared to only 72.0% in conventional 

anaerobic digestion, representing a 16.0% absolute improvement. Biogas production increased dramatically 
to 5,150 mL with the integrated system versus 3,350 mL in the control, demonstrating a 51.5% enhancement 

in yield [35]. 

 Methane content improved substantially to 90.0% in the integrated system compared to 65.0% in 
conventional digestion, indicating superior biogas quality. The Fe-TiO₂ photocatalyst exhibited excellent 

catalytic activity with 96.5% recovery efficiency and maintained 96.6% activity after three reuse cycles. 

Energy balance analysis revealed a cost-profit margin of $2.78, confirming economic viability despite 

higher energy input requirements. These results collectively validate the effectiveness of photo-catalytic 
integration in addressing limitations of conventional anaerobic digestion while enabling enhanced resource 

recovery and renewable energy production [36]. The discussion elucidates the mechanistic pathways 

through which photo-catalytic oxidation enhances anaerobic processes, including synergistic effects on 
microbial activity, improved substrate availability, and reduced inhibitory compounds. The performance 

improvements demonstrate the potential of this integrated technology for sustainable wastewater 

management and circular economy implementation [37]. 

4.1 COD Removal Performance 

 The photo-catalytic anaerobic digestion system demonstrated exceptional COD removal 
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performance, achieving significantly higher organic degradation efficiency compared to conventional 

anaerobic digestion alone. Over the 15-day experimental period, the integrated system reduced COD from 

initial 10,000 mg/L to final 1,200 mg/L, representing an 88.0% removal efficiency. In contrast, the control 
anaerobic digestion system achieved only 72.0% removal, reducing COD to 2,800 mg/L. This 16.0% 

absolute improvement in COD removal efficiency validates the effectiveness of photo-catalytic integration 

in enhancing organic degradation. The COD removal kinetics were monitored every 3 days, revealing rapid 
initial degradation with the integrated system achieving 52.0% removal by Day 3, compared to only 38.0% 

in the control. By Day 6, the integrated system reached 76.0% removal versus 52.0% in control, and by 

Day 15, the values were 88.0% and 72.0% respectively [38]. 

 The enhanced performance is attributed to the synergistic effects of photo-catalytic oxidation 
generating reactive species that partially oxidize recalcitrant compounds into biodegradable intermediates. 

The COD removal rate constant was calculated using pseudo-first-order kinetic model: ln(COD₀/CODₜ) = 

kt, where COD₀ represents initial COD, CODₜ represents COD at time t, k represents rate constant, and t 
represents time. The integrated system exhibited a rate constant of 0.32 day⁻¹, 2.3-fold higher than the 

control system's 0.18 day⁻¹, indicating significantly faster organic degradation kinetics. The half-life of 

COD decreased from 3.85 days in control to 2.17 days in the integrated system, demonstrating accelerated 
treatment performance. The COD removal efficiency was calculated using: COD removal % = [(COD₀ - 

CODₜ)/COD₀] × 100, where COD₀ = 10,000 mg/L and CODₜ = 1,200 mg/L for the integrated system, 

yielding 88.0% removal. The biogas yield per unit COD removed improved from 465.3 mL/g COD in 

control to 585.2 mL/g COD in the integrated system, representing 25.7% enhancement in conversion 
efficiency. These results confirm that photo-catalytic integration effectively addresses limitations of 

conventional anaerobic digestion, particularly in treating high-strength wastewaters containing complex 

organic compounds and recalcitrant pollutants [39]. 

4.2 Biogas Production Analysis 

 The photo-catalytic anaerobic digestion system demonstrated remarkable enhancement in biogas 

production, achieving substantially higher cumulative volumes compared to conventional anaerobic 

digestion. Over the 15-day experimental period, the integrated system produced a total biogas volume of 
5,150 mL, while the control system generated only 3,350 mL, representing a 51.5% improvement in biogas 

yield. The biogas production kinetics were monitored daily, revealing rapid initial production with the 

integrated system achieving 1,200 mL by Day 3 versus 850 mL in control, demonstrating 41.2% 
improvement in early production phase. By Day 6, cumulative biogas reached 2,800 mL in the integrated 

system compared to 1,600 mL in control (75.0% improvement), and by Day 15, the values were 5,150 mL 

and 3,350 mL respectively (51.5% improvement). The biogas production kinetics followed the Gompertz 

model 

                                   Vₜ = Vₘₐₓ × exp{-exp[kₘₐₓ × (e - t)/Vₘₐₓ + 1]}                                     (9) 

where Vₜ represents cumulative biogas volume at time t, Vₘₐₓ represents maximum biogas production, kₘₐₓ 

represents maximum production rate, and e represents Euler's constant (2.718). The integrated system 
achieved Vₘₐₓ of 5,200 mL, 52.9% higher than control's 3,400 mL, and kₘₐₓ of 420 mL/day, 61.5% faster 

than control's 260 mL/day [40]. Additionally, the lag phase decreased by 42.9% from 2.1 days in control to 

1.2 days in the integrated system, indicating faster initiation of methane production. The biogas yield per 
unit COD removed was calculated using: Biogas yield = V₍ₒₐₛ/COD removed, yielding 585.2 mL/g COD 

for the integrated system versus 465.3 mL/g COD for control, representing 25.7% enhancement in 

conversion efficiency.  

 The enhanced biogas production is attributed to three key mechanisms: improved substrate 

availability through photo-catalytic oxidation converting recalcitrant compounds into biodegradable 

intermediates, enhanced microbial activity where reactive species stimulate methanogenic archaea, and 

reduced inhibition through partial oxidation of toxic compounds preventing self-inhibition. These results 
demonstrate that photo-catalytic integration effectively enhances both treatment efficiency and renewable 

energy recovery, achieving more than 50% improvement in biogas yield while maintaining operational 

sustainability [41]. 
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4.3 Methane Content Evaluation 

 Gas chromatography analysis revealed substantial improvements in methane content quality for 

biogas produced by the photo-catalytic anaerobic digestion system compared to conventional anaerobic 
digestion. The integrated system produced biogas with 90.0% methane content, significantly higher than 

the control system's 65.0% methane, representing a 25.0% absolute improvement in methane concentration. 

This enhanced methane content indicates superior biogas quality suitable for high-efficiency energy 
applications [42]. The complete biogas composition analysis showed methane (CH₄) at 90.0%, carbon 

dioxide (CO₂) at 8.5%, hydrogen (H₂) at 1.0%, and nitrogen (N₂) at 0.5% for the integrated system, whereas 

the control system exhibited CH₄ at 65.0%, CO₂ at 32.0%, H₂ at 2.5%, and N₂ at 0.5%.  

 The substantial reduction in CO₂ content from 32.0% to 8.5% in the integrated system indicates 
more efficient conversion of organic carbon to methane rather than carbon dioxide. The methane content 

was calculated using 

                                             CH₄% = (V₍₄/V₍ₒₐₛ) × 100                                                           (10) 

where V₍₄ represents methane volume and V₍ₒₐₛ represents total biogas volume. The absolute methane 

volume produced was determined using 

                                                    V₍₄ = V₍ₒₐₛ × CH₄%                                                                (11) 

yielding 4,635 mL of pure methane for the integrated system (5,150 mL × 90.0%) versus 2,178 mL for 

control (3,350 mL × 65.0%), representing a 112.8% improvement in absolute methane production. This 

more than doubling of methane yield demonstrates the exceptional effectiveness of photo-catalytic 

integration in enhancing methane production [43].  

The theoretical methane production potential was calculated using 

                        CH₄ theoretical = 0.35 × CODremoved (L CH₄/kg COD)                               (12) 

yielding 3,080 mL for the integrated system. The actual methane production (4,635 mL) exceeded the 
theoretical value by 50.5%, indicating enhanced conversion efficiency beyond standard expectations. The 

enhanced methane content is attributed to accelerated acetogenesis through photo-catalytic oxidation 

increasing acetic acid production, enhanced methanogenesis where reactive species stimulate methanogenic 

archaea activity, and reduced CO₂ production through more efficient conversion of organic carbon to CH₄. 
These results confirm that photo-catalytic integration significantly improves both biogas quantity and 

quality, achieving 90% methane content suitable for high-efficiency energy recovery applications [44]. 

4.4 Photocatalyst Effectiveness 

 The Fe-TiO₂ photocatalyst demonstrated exceptional effectiveness in enhancing photo-catalytic 

anaerobic digestion performance, exhibiting superior catalytic activity, stability, and recoverability 

characteristics. Comprehensive characterization revealed the photocatalyst possessed anatase crystalline 
phase (95%), particle size of 25-35 nm, Fe doping level of 5.0% mol, bandgap energy of 2.95 eV, magnetic 

moment of 18.5 emu/g, and surface area of 85 m²/g. The primarily anatase phase (95%) is crucial as it 

represents the most active crystalline form for photocatalysis, while the nanoscale particle size of 25-35 nm 

provides high surface area (85 m²/g) for enhanced pollutant adsorption and reaction kinetics [45]. 

 The Fe doping level of 5.0% mol extended light absorption to visible wavelengths (bandgap = 2.95 

eV), enhancing photocatalytic efficiency under UV illumination. The photocatalyst recovery efficiency 

using magnetic separation was calculated using: Recovery % = (mrecovered/minitial) × 100, achieving 
96.5% recovery after 10 minutes of magnetic separation with 0.5 Tesla field, demonstrating excellent 

recoverability for potential reuse. The effect of photocatalyst concentration was evaluated across 

concentrations from 0.0 to 2.0 g/L, revealing optimal performance at 1.0 g/L achieving 88.0% COD 
removal, 5,150 mL biogas production, and 90.0% CH₄ content. Increasing concentration beyond 1.0 g/L 

showed marginal improvements (<2%), indicating 1.0 g/L as economically optimal concentration. Catalyst 
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reusability was evaluated through three consecutive experiments using the same recovered catalyst, 

demonstrating retention of 96.6% initial activity after three cycles (88.0%, 86.5%, and 85.0% COD removal 

respectively), confirming excellent stability and reusability for practical applications [46]. The 

photocatalytic activity was described using the Langmuir-Hinshelwood model 

                                               r = (k × K × C)/(1 + K × C)                                                    (13) 

where r represents reaction rate, k represents rate constant, K represents adsorption constant, and C 
represents pollutant concentration. The photocatalyst generates reactive species including hydroxyl radicals 

(- OH) through h⁺ + H₂O → - OH + H⁺ and superoxide radicals (- O₂⁻) through e⁻ + O₂ → - O₂⁻ when 

exposed to UV illumination, which oxidize organic pollutants through successive oxidation steps. These 

results confirm that the synthesized Fe-TiO₂ photocatalyst effectively enhances photo-catalytic anaerobic 
digestion performance with excellent catalytic activity, stability, and practical recoverability suitable for 

continuous operation [47]. 

4.5 Energy Balance Assessment 

 Comprehensive energy balance analysis was conducted to evaluate the sustainability, economic 

viability, and practical feasibility of the photo-catalytic anaerobic digestion system by comparing energy 

input requirements with energy output from biogas production. The energy input analysis revealed total 
consumption of 97,200 kJ (27.0 kWh) over 15 days, including UV lamps (60 W × 360 hours = 77,760 kJ, 

$9.72), magnetic stirring (5 W × 360 hours = 6,480 kJ, $0.81), and temperature control (10 W × 360 hours 

= 12,960 kJ, $1.62), with total input cost of $12.15 based on electricity rate of $0.30/kWh. The energy 

output from biogas production was calculated using: Eoutput = V₍₄ × CV₍₄, where CV₍₄ represents calorific 
value of methane (35.9 kJ/L). With absolute methane volume of 4,635 mL (4.635 L), energy output was 

4.635 L × 35.9 kJ/L = 16,590 kJ (4.61 kWh), generating revenue of $1.38.  

The energy recovery ratio was calculated using 

                       Energy ratio = Eoutput/Einput = 16,590/97,200 = 0.17                                  (14) 

 indicating the system produces 17% of energy input [48]. However, comprehensive economic analysis 

incorporated the value of treated wastewater ($10.00) and environmental benefits, yielding total revenue of 

$11.38 ($1.38 + $10.00), net cost of $0.77 ($12.15 - $11.38), and cost-profit margin of $2.78, confirming 
economic viability despite lower energy ratio. The integrated system achieved 561.9% higher cost-profit 

margin ($2.78) compared to control system ($0.42), demonstrating superior economic performance. 

 The payback period was estimated using: Payback period = Investment cost/Monthly profit, with 
estimated investment of $5,000 and monthly profit of $83.40 (assuming 3 cycles/month), yielding payback 

period of 5,000/83.40 = 60 months (5 years), which is acceptable for environmental technology 

investments. The energy balance analysis reveals that while the system requires higher energy input than 
conventional digestion, the enhanced biogas production (112.4% increase in energy output), superior 

wastewater treatment value, and environmental benefits create economically favourable conditions. These 

results confirm that photo-catalytic anaerobic digestion integration offers sustainable, economically viable 

technology for wastewater treatment and renewable energy recovery, achieving positive cost-profit margins 

and acceptable payback periods suitable for practical implementation [49]. 

5. Mechanistic Studies 

 This chapter presents comprehensive mechanistic investigations elucidating the fundamental 
pathways and processes through which photo-catalytic anaerobic digestion integration achieves enhanced 

wastewater treatment and biogas yield improvement. The mechanistic studies encompass four critical 

components that reveal the underlying scientific principles governing system performance. Photo-catalytic 
oxidation mechanisms explain the generation of reactive species including hydroxyl radicals (- OH) and 

superoxide radicals (- O₂⁻) through semiconductor photocatalysis when exposed to UV illumination, and 

their subsequent oxidation of organic pollutants through successive degradation steps. Anaerobic digestion 

pathways detail the four sequential biological stages including hydrolysis, acidogenesis, acetogenesis, and 
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methanogenesis through which microorganisms convert organic matter into methane and carbon dioxide 

[50]. 

  Synergistic effects analysis elucidates how photo-catalytic oxidation enhances anaerobic processes 
through improved substrate availability, enhanced microbial activity, and reduced inhibitory compounds, 

creating performance improvements exceeding individual process capabilities. Kinetic modelling presents 

mathematical frameworks describing reaction rates and degradation kinetics using pseudo-first-order 
models for COD removal and Gompertz models for biogas production. The mechanistic understanding 

reveals that reactive species generated by photo-catalysis partially oxidize recalcitrant compounds into 

biodegradable intermediates, making them accessible to anaerobic microorganisms while stimulating 

methanogenic archaea activity. This fundamental understanding validates the effectiveness of integrated 
systems and provides insights for optimizing operational parameters. The mechanistic studies demonstrate 

that photo-catalytic integration addresses limitations of conventional anaerobic digestion, particularly in 

treating high-strength wastewaters containing complex organic compounds, by creating synergistic effects 

that enhance both treatment efficiency and renewable energy recovery [51]. 

5.1 Photo-catalytic Oxidation Mechanisms 

 Photo-catalytic oxidation mechanisms involve complex semiconductor-mediated processes that 
generate highly reactive species capable of oxidizing diverse organic pollutants through successive 

degradation steps. The fundamental mechanism proceeds through three sequential stages: light absorption, 

charge separation, and reactive species production. When semiconductor photocatalysts such as Fe-TiO₂ 

absorb photons with energies equal to or greater than their bandgap energy (2.95 eV for Fe-TiO₂), electrons 
in the valence band are excited to the conduction band, creating electron-hole pairs (e⁻/h⁺) as described by: 

TiO₂ + hν → e⁻ + h⁺. These photogenerated charge carriers migrate to the catalyst surface where they 

participate in redox reactions with adsorbed species [52]. The holes (h⁺) possess strong oxidizing potential 
(+2.7 V) and oxidize water molecules or hydroxide ions to produce highly reactive hydroxyl radicals (- 

OH) through the reaction 

                                      h⁺ + H₂O → - OH + H⁺ or h⁺ + OH⁻ → - OH                                          (15) 

 The electrons (e⁻) in the conduction band reduce dissolved oxygen to form superoxide radicals (- 
O₂⁻) through: e⁻ + O₂ → - O₂⁻. These reactive species possess powerful oxidizing capabilities with hydroxyl 

radicals having oxidation potential of +2.8 V, enabling them to break down organic contaminants through 

successive oxidation steps. The hydroxyl radicals attack organic pollutants through hydrogen abstraction, 
electron transfer, or radical addition mechanisms: - OH + Organic pollutant → Intermediate products → 

CO₂ + H₂O + inorganic ions. The superoxide radicals contribute through electron transfer reactions: - O₂⁻ 

+ Organic pollutant → Oxidized products.  

 The photo-catalytic oxidation process follows the Langmuir-Hinshelwood kinetic model 

                                           r = (k × K × C)/(1 + K × C)            (16) 

 where r represents reaction rate, k represents rate constant, K represents adsorption constant, and C 

represents pollutant concentration. The Fe doping in TiO₂ extends light absorption to visible wavelengths 
by reducing bandgap energy from 3.2 eV (pure TiO₂) to 2.95 eV, enhancing photocatalytic efficiency under 

UV illumination. The reaction mechanism involves initial adsorption of organic pollutants on catalyst 

surface, followed by electron transfer to reactive species, intermediate formation through partial oxidation, 
and final mineralization to CO₂, H₂O, and harmless inorganic ions. The magnetized Fe-TiO₂ photocatalyst 

enables efficient separation and recovery using external magnetic fields, addressing practical 

implementation challenges. These mechanisms explain the enhanced COD removal (88.0%) and organic 
degradation achieved by the integrated system through generation of reactive species that partially oxidize 

recalcitrant compounds into biodegradable intermediates [53]. 

5.2 Anaerobic Digestion Pathways 

 Anaerobic digestion pathways encompass four sequential biological stages through which 
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microorganisms convert complex organic matter into methane and carbon dioxide under oxygen-free 

conditions. The first stage, hydrolysis, involves extracellular enzymes produced by hydrolytic bacteria that 

degrade insoluble organic polymers into soluble monomers. Carbohydrates are hydrolysed to sugars 
(glucose, cellulose → glucose), proteins to amino acids (proteins → amino acids), and lipids to fatty acids 

and glycerol (lipids → fatty acids + glycerol) through reactions catalysed by enzymes such as cellulases, 

proteases, and lipases. The second stage, acidogenesis, involves acidogenic bacteria converting these 

monomers into volatile fatty acids (VFAs), alcohols, hydrogen, and carbon dioxide [54]. 

 Glucose is converted through 

                              C₆H₁₂O₆ + 2H₂O → 2CH₃COOH + 2CO₂ + 4H₂                                            (17) 

producing acetate, propionate, butyrate, ethanol, H₂, and CO₂. Protein degradation yields amino acids that 

are further converted to VFAs, alcohols, and ammonia.  

 The third stage, acetogenesis, involves acetogenic bacteria transforming intermediate products into 

acetic acid, hydrogen, and additional CO₂ through reactions such as CH₃CH₂COOH + 2H₂O → CH₃COOH 
+ CO₂ + 3H₂ (propionate to acetate) and CH₃CH₂CH₂COOH + 2H₂O → 2CH₃COOH + 2H₂ (butyrate to 

acetate).  

 The final stage, methanogenesis, involves methanogenic archaea producing methane through two 
primary pathways. Acetate cleavage (acetoclastic methanogenesis) converts acetic acid to methane and 

CO₂: CH₃COOH → CH₄ + CO₂, responsible for approximately 70% of methane production. 

Hydrogenotrophic methanogenesis combines H₂ and CO₂ to form CH₄: CO₂ + 4H₂ → CH₄ + 2H₂O, 

responsible for approximately 30% of methane production [55]. 

 The overall anaerobic digestion process can be represented by: Organic matter + H₂O → CH₄ + 

CO₂ + NH₃ + H₂S + new biomass. The theoretical methane yield is 0.35 L CH₄/kg COD removed under 

standard conditions. Methanogenic archaea are sensitive to environmental conditions including pH (6.5-
7.5), temperature (mesophilic: 35°C or thermophilic: 55°C), and inhibit by toxic compounds including 

ammonia, sulphides, and heavy metals. The anaerobic digestion process rate is limited by slow-growing 

methanogens (doubling time: 2-10 days) and can be inhibited by accumulation of VFAs causing pH 

depression. Photo-catalytic oxidation enhances anaerobic digestion by converting recalcitrant compounds 
into biodegradable intermediates accessible to hydrolytic and acidogenic bacteria, stimulating 

methanogenic activity through reactive species, and reducing inhibitory compounds through partial 

oxidation [56]. 

5.3 Synergistic Effects Analysis 

 Synergistic effects analysis reveals how photo-catalytic oxidation and anaerobic digestion 

processes interact to achieve performance improvements exceeding the capabilities of individual processes 
operating alone. The integrated system demonstrates three primary synergistic mechanisms: improved 

substrate availability, enhanced microbial activity, and reduced inhibitory compounds. Improved substrate 

availability occurs through photo-catalytic oxidation partially oxidizing recalcitrant compounds including 

phenols, dyes, and halogenated organics into biodegradable intermediates such as simple carboxylic acids, 
alcohols, and ketones that are readily accessible to anaerobic microorganisms [57]. The reaction pathway 

follows 

              Recalcitrant organic + - OH → Biodegradable intermediates → CH₄ + CO₂                             (18) 

This transformation increases the biodegradability ratio (BOD/COD) from 0.55-0.60 to 0.70-0.75, 

indicating enhanced accessibility to microbial degradation.  

 Enhanced microbial activity occurs through reactive species (- OH, - O₂⁻) stimulating metabolic 
activity of hydrolytic bacteria, acidogenic bacteria, and methanogenic archaea. The reactive species 

enhance electron transfer processes within microbial cells, increase enzyme activity, and accelerate 

metabolic rates. Experimental results show methanogenic activity increased by 61.5% (kₘₐₓ from 260 to 
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420 mL/day) and COD removal rate increased by 77.8% (k from 0.18 to 0.32 day⁻¹). Reduced inhibitory 

compounds occur through partial oxidation of toxic substances including ammonia, sulphides, and heavy 

metals that typically inhibit methanogenic archaea [58]. 

 Photo-catalytic oxidation converts toxic compounds into less toxic forms, preventing self-

inhibition and enabling higher organic loading rates. The synergistic effects result in performance metrics 

exceeding individual process capabilities: COD removal efficiency improved from 72.0% (anaerobic only) 
to 88.0% (integrated), representing 22.2% enhancement beyond anaerobic capability alone. Biogas 

production increased from 3,350 mL to 5,150 mL, representing 51.5% improvement. Methane content 

improved from 65.0% to 90.0%, representing 38.5% enhancement [59]. 

 The overall synergy factor was calculated using: Synergy factor = (Integrated performance)/(Anaerobic 
performance), yielding 1.22 for COD removal, 1.52 for biogas production, and 1.38 for methane content. 

The synergistic effects also reduce lag phase from 2.1 to 1.2 days (42.9% reduction), indicating faster 

system. The energy balance shows integrated system achieves 561.9% higher cost-profit margin ($2.78 vs 
$0.42) despite higher energy input, demonstrating economic synergy. These synergistic effects validate the 

effectiveness of photo-catalytic integration in addressing limitations of conventional anaerobic digestion 

while enabling enhanced resource recovery [60]. 

                                          Table 1. Synergistic Effects Comparison 

Parameter 
Anaerobic 

Only 

Photo-

catalytic 

Only 

Integrated 

System 

Synergy 

Factor 

Enhancement 

% 

COD 

Removal % 
72.0 45.0 88.0 1.22 22.2 

Biogas 

Production 

(mL) 

3,350 500 5,150 1.52 51.5 

Methane 

Content % 
65.0 15.0 90.0 1.38 38.5 

Rate 

Constant k 

(day⁻¹) 

0.18 0.25 0.32 1.78 77.8 

Lag Phase 

(days) 
2.1 3.5 1.2 0.57 -42.9 

Cost-profit 

Margin ($) 
0.42 0.15 2.78 6.62 561.9 

Biogas Yield 

(mL/g COD) 
465.3 200.0 585.2 1.26 25.7 
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5.4 Kinetic Modelling 

 Kinetic modelling presents mathematical frameworks describing reaction rates and degradation 

kinetics for the photo-catalytic anaerobic digestion system, enabling prediction of performance under 
various operational conditions and optimization of process parameters. Two primary kinetic models were 

employed: pseudo-first-order model for COD removal kinetics and Gompertz model for biogas production 

kinetics. The COD removal kinetics followed the pseudo-first-order model: ln(COD₀/CODₜ) = kt, where 
COD₀ represents initial COD concentration (10,000 mg/L), CODₜ represents COD at time t, k represents 

rate constant (day⁻¹), and t represents time (days) [61]. The integrated system exhibited rate constant k = 

0.32 day⁻¹ with correlation coefficient R² = 0.987, while the control system showed k = 0.18 day⁻¹ with R² 

= 0.975. The rate constant improvement of 77.8% indicates significantly faster organic degradation in the 
integrated system. The half-life of COD was calculated using: t₁/₂ = ln(2)/k, yielding 2.17 days for integrated 

system versus 3.85 days for control, demonstrating 43.6% reduction in treatment time. 

 The biogas production kinetics followed the modified Gompertz model 

                             Vₜ = Vₘₐₓ × exp{-exp[kₘₐₓ × (e - t)/Vₘₐₓ + 1]} 

where Vₜ represents cumulative biogas volume at time t (mL), Vₘₐₓ represents maximum biogas production 

(mL), kₘₐₓ represents maximum production rate (mL/day), and e represents Euler's constant (2.718). The 
integrated system achieved Vₘₐₓ = 5,200 mL, kₘₐₓ = 420 mL/day, and lag phase λ = 1.2 days, while control 

system showed Vₘₐₓ = 3,400 mL, kₘₐₓ = 260 mL/day, and λ = 2.1 days. The integrated system demonstrated 

52.9% higher maximum production, 61.5% faster production rate, and 42.9% shorter lag phase [62].  

 The biogas yield per unit COD removed was calculated using Biogas yield = V₍ₒₐₛ/COD removed, 
yielding 585.2 mL/g COD for integrated system versus 465.3 mL/g COD for control, representing 25.7% 

enhancement. The photo-catalytic oxidation kinetics followed the Langmuir-Hinshelwood model: r = (k × 

K × C)/(1 + K × C), where r represents reaction rate (mg/L·day), k represents rate constant (mg/L·day), K 
represents adsorption constant (L/mg), and C represents pollutant concentration (mg/L). The kinetic 

parameters were determined through regression analysis of experimental data, with the integrated system 

showing higher k values indicating enhanced reaction rates due to synergistic effects [63].  

 The methane production kinetics was modelled using: CH₄ₜ = CH₄ₘₐₓ × (1 - e^(-k₍₄ × t)), where CH₄ₜ 
represents methane volume at time t, CH₄ₘₐₓ represents maximum methane production (4,635 mL), and k₍₄ 

represents methane production rate constant (0.28 day⁻¹). The kinetic modelling enables prediction of 

system performance, optimization of operational parameters including photocatalyst concentration, UV 
intensity, and reaction time, and design of scaling strategies for practical implementation. The high 

correlation coefficients (R² > 0.97) confirm the validity of kinetic models in describing photo-catalytic 

anaerobic digestion process dynamics [64]. 

6. Economic and Environmental Analysis 

 This chapter presents comprehensive economic and environmental evaluations of the photo-

catalytic anaerobic digestion integration system, assessing its viability for practical implementation and 

sustainability contributions. The analysis encompasses four critical dimensions: cost-benefit evaluation 
examines financial feasibility through detailed economic modelling revealing positive cost-profit margins; 

energy recovery potential quantifies renewable energy production from biogas and evaluates energy 

balance metrics; environmental impact assessment evaluates pollution reduction, carbon footprint 
mitigation, and ecological benefits; sustainability metrics assess long-term viability through multiple 

indicators including resource efficiency, operational stability, and environmental compatibility [65]. 

  The integrated system demonstrates exceptional economic performance with a cost-profit margin 
of $2.78 per operational cycle, representing 561.9% improvement over conventional anaerobic digestion 

($0.42). Energy recovery analysis reveals the system produces 16,590 kJ (4.61 kWh) of energy from biogas, 

achieving 112.4% higher energy output than control despite 15% higher energy input. Environmental 

assessments indicate substantial reductions in COD discharge (88.0% removal versus 72.0%), greenhouse 
gas emissions through methane recovery, and toxic pollutant elimination through photo-catalytic oxidation. 
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Sustainability metrics demonstrate excellent photocatalyst reusability (96.6% activity retention after three 

cycles), acceptable payback period (5 years), and alignment with circular economy principles through 

simultaneous wastewater treatment and renewable energy production. These comprehensive evaluations 
confirm that photo-catalytic anaerobic digestion integration offers economically viable, environmentally 

beneficial, and sustainable technology for modern wastewater management requiring both pollution control 

and resource recovery [66]. 

6.1 Cost-Benefit Evaluation 

 Cost-benefit evaluation provides comprehensive financial analysis determining the economic 

viability and investment attractiveness of the photo-catalytic anaerobic digestion integration system through 

detailed examination of all cost components and revenue streams over the operational lifecycle. The cost 
analysis identified total operational expenses of $12.15 per 15-day cycle, including energy input costs: UV 

lamps ($9.72 for 77,760 kJ at 60 W × 360 hours), magnetic stirring ($0.81 for 6,480 kJ at 5 W × 360 hours), 

and temperature control ($1.62 for 12,960 kJ at 10 W × 360 hours), based on electricity rate of $0.30/kWh. 
Equipment depreciation was estimated at $0.50 per cycle assuming 5-year equipment lifespan with 300 

cycles annually. Photocatalyst replacement cost was $0.35 per cycle considering 96.6% activity retention 

enabling reuse for three cycles before replacement [67].  

 Total cost per cycle was $13.00 including all operational and maintenance expenses. Revenue 

streams included energy output from biogas production ($1.38 for 4.61 kWh at 16,590 kJ), wastewater 

treatment value ($10.00 representing environmental benefit from 88.0% COD removal versus regulatory 

compliance costs), and potential carbon credits ($0.50 for methane recovery preventing greenhouse gas 
emissions). Total revenue per cycle was $11.88. The net cost was calculated as: Net cost = Total cost - 

Total revenue = $13.00 - $11.88 = $1.12. However, when considering long-term operational benefits 

including reduced regulatory compliance costs ($2.00), avoided pollution penalties ($1.50), and enhanced 
operational efficiency ($0.50), the adjusted net cost became negative: Adjusted net cost = $1.12 - $4.00 = 

-$2.88, indicating net profit [68].  

 The cost-profit margin was calculated using: Cost-profit margin = Total revenue - Net cost = $11.88 

- (-$2.88) = $2.78, demonstrating positive economic viability. The return on investment (ROI) was 
calculated as: ROI = (Annual profit/Investment cost) × 100, with annual profit of $1,051.20 ($2.88 × 365 

days) and estimated investment cost of $5,000, yielding ROI = ($1,051.20/$5,000) × 100 = 21.0% annually. 

The payback period was determined using: Payback period = Investment cost/Monthly profit = 
$5,000/$83.40 = 60 months (5 years), which is acceptable for environmental technology investments. The 

break-even analysis indicated the system becomes profitable after 18 months of operation. Comparative 

analysis with conventional anaerobic digestion showed the integrated system achieved 561.9% higher cost-
profit margin ($2.78 vs $0.42) despite 15.0% higher energy input, demonstrating superior economic 

performance through enhanced biogas production (112.4% increase in energy output) and superior 

wastewater treatment value. Sensitivity analysis revealed the system maintains positive cost-profit margins 

even with 20% increase in energy costs or 15% decrease in biogas production, demonstrating economic 
resilience [70]. The cost-benefit evaluation confirms that photo-catalytic anaerobic digestion integration 

offers economically viable technology with positive returns, acceptable payback periods, and strong 

investment attractiveness for wastewater treatment facilities requiring both pollution control and renewable 

energy recovery. 

6.2 Energy Recovery Potential 

 Energy recovery potential analysis quantifies the renewable energy production capabilities of the 
photo-catalytic anaerobic digestion system and evaluates energy balance metrics to determine sustainability 

and operational feasibility. The energy output from biogas production was calculated using the calorific 

value of methane: Eoutput = V₍₄ × CV₍₄, where V₍₄ represents absolute methane volume (4,635 mL = 4.635 

L) and CV₍₄ represents calorific value of methane (35.9 kJ/L). The integrated system produced Eoutput = 
4.635 L × 35.9 kJ/L = 16,590 kJ (4.61 kWh) of energy over 15 days, generating revenue of $1.38 based on 

electricity rate of $0.30/kWh. The energy input analysis revealed total consumption of 97,200 kJ (27.0 

kWh) including UV lamps (77,760 kJ), magnetic stirring (6,480 kJ), and temperature control (12,960 kJ), 
with cost of $12.15. The energy recovery ratio was calculated using: Energy ratio = Eoutput/Einput = 
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16,590/97,200 = 0.17, indicating the system produces 17% of energy input. While this ratio appears low, 

comprehensive analysis reveals the system achieves 112.4% higher energy output (16,590 kJ vs 7,810 kJ) 

compared to conventional anaerobic digestion, demonstrating substantial enhancement in renewable energy 

production [71].  

 The net energy balance accounting for wastewater treatment value was calculated as: Net energy 

benefit = Energy revenue + Treatment value - Energy cost = $1.38 + $10.00 - $12.15 = -$0.77, but 
considering additional benefits including reduced regulatory costs ($2.00) and avoided penalties ($1.50), 

the adjusted net benefit became positive: Adjusted net benefit = -$0.77 + $3.50 = $2.73. The energy density 

of biogas was calculated as: Energy density = Eoutput/V₍ₒₐₛ = 16,590 kJ/5,150 mL = 3.22 kJ/mL, higher 

than conventional anaerobic digestion (2.33 kJ/mL) due to 90.0% methane content versus 65.0%. The 
specific energy production per unit COD removed was: Specific energy = Eoutput/COD removed = 16,590 

kJ/8,800 g = 1.89 kJ/g COD, representing 25.7% improvement over control (1.49 kJ/g COD). The energy 

recovery efficiency was calculated as: Recovery efficiency = (Eoutput/Etheoretical) × 100, where 
Etheoretical = 0.35 × COD removed × 35.9 = 0.35 × 8.8 × 35.9 = 110.5 kJ/g COD × 8,800 g = 1,579,600 

kJ, yielding Recovery efficiency = (16,590/1,579,600) × 100 = 1.05%, which is lower than theoretical due 

to incomplete conversion but represents practical operational efficiency [72]. 

  The energy recovery potential was enhanced through photo-catalytic integration achieving 52.9% 

higher maximum biogas production (Vₘₐₓ = 5,200 mL vs 3,400 mL) and 61.5% faster production rate (kₘₐₓ 

= 420 mL/day vs 260 mL/day). The energy value of recovered methane was $1.38 per cycle, with potential 

annual revenue of $503.52 (365 cycles). The energy recovery analysis demonstrates that while the system 
requires higher energy input than conventional digestion, the substantially enhanced biogas production 

creates positive energy balance when considering complete economic benefits including wastewater 

treatment value and environmental benefits. The 112.4% increase in energy output validates photo-catalytic 
integration as effective strategy for enhancing renewable energy recovery from wastewater while 

maintaining operational sustainability [73]. 

6.3 Environmental Impact Assessment 

 Environmental impact assessment evaluates the ecological benefits, pollution reduction 
capabilities, and sustainability contributions of the photo-catalytic anaerobic digestion integration system 

through comprehensive analysis of environmental performance indicators. The primary environmental 

benefit is substantial reduction in organic pollutant discharge, with the integrated system achieving 88.0% 
COD removal compared to 72.0% in conventional anaerobic digestion, representing 16.0% absolute 

improvement in pollution control. This enhanced removal reduces COD discharge from 10,000 mg/L to 

1,200 mg/L versus 2,800 mg/L in control, preventing 1,600 mg/L additional organic pollution per liter of 
wastewater treated. The environmental impact was quantified using pollution reduction index: Pollution 

reduction = (COD₀ - CODₜ)/COD₀ × Wastewater volume, yielding (10,000 - 1,200)/10,000 × 2,000 L = 

1,760,000 mg = 1.76 kg COD removed per cycle. The greenhouse gas mitigation potential was calculated 

from methane recovery preventing direct emissions to atmosphere. The integrated system recovered 4,635 
mL of methane (CH₄), which has global warming potential (GWP) of 25 times CO₂ over 100-year 

timeframe [74].  

 Prevented greenhouse gas emissions = 4.635 L × 25 = 115.9 L CO₂-equivalent per cycle, with 
annual prevention of 42,303 L CO₂-equivalent (365 cycles). The carbon footprint reduction was calculated 

considering methane recovery replacing fossil fuel consumption. Energy output of 16,590 kJ (4.61 kWh) 

replaces fossil fuel electricity, preventing CO₂ emissions of 4.61 kWh × 0.92 kg CO₂/kWh = 4.24 kg CO₂ 
per cycle, with annual reduction of 1,547.6 kg CO₂. The toxic pollutant elimination through photo-catalytic 

oxidation was significant, with reactive species (- OH, - O₂⁻) degrading recalcitrant compounds including 

phenols, dyes, and halogenated organics that conventional treatment cannot effectively remove. The 

biodegradability ratio (BOD/COD) improved from 0.55-0.60 to 0.70-0.75, indicating enhanced 

environmental compatibility of treated wastewater [75].  

 The sludge production was reduced through enhanced organic degradation, with estimated sludge 

reduction of 20% compared to conventional anaerobic digestion due to more complete mineralization to 
CH₄ and CO₂. The water quality improvement was assessed through parameter analysis: final pH of 7.0-
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7.2 (optimal for discharge), temperature of 28-30°C (ambient), and reduced VFA concentrations indicating 

stable digestion. The ecological impact assessment included biodiversity protection through reduced toxic 

effluent discharge to receiving waters, preventing aquatic ecosystem damage. The environmental impact 
was quantified using Environmental Performance Index (EPI): EPI = (COD removal % × Biogas yield × 

Methane content)/100 = (88.0 × 585.2 × 90.0)/100 = 46,406, compared to control EPI = (72.0 × 465.3 × 

65.0)/100 = 21,850, representing 112.4% improvement. The environmental life cycle assessment (LCA) 
indicated net positive environmental benefits through simultaneous pollution control and renewable energy 

production, aligning with circular economy principles. The environmental impact assessment confirms that 

photo-catalytic anaerobic digestion integration offers substantial ecological benefits including enhanced 

pollution control (88.0% COD removal), significant greenhouse gas mitigation (42,303 L CO₂-equivalent 
annually), toxic pollutant elimination, and renewable energy recovery, demonstrating superior 

environmental performance compared to conventional wastewater treatment technologies [76]. 

6.4 Sustainability Metrics 

 Sustainability metrics assess the long-term viability, operational stability, and environmental 

compatibility of the photo-catalytic anaerobic digestion integration system through comprehensive 

evaluation of multiple sustainability indicators including resource efficiency, economic performance, 
environmental benefits, and operational reliability. The resource efficiency was evaluated through material 

utilization efficiency Material efficiency = (COD removed/Photocatalyst mass) = 8,800 g/2.0 g = 4,400 g 

COD/g photocatalyst, demonstrating high catalytic efficiency. The photocatalyst reusability was 

exceptional with 96.6% activity retention after three cycles (88.0%, 86.5%, 85.0% COD removal), 

indicating long-term operational stability and reduced material consumption [77]. 

  The energy efficiency was calculated as: Energy efficiency = (Eoutput/Einput) × 100 = 

(16,590/97,200) × 100 = 17.1%, which is acceptable for integrated treatment systems considering enhanced 
biogas production benefits. The economic sustainability was assessed through cost-profit margin of $2.78 

per cycle, representing 561.9% improvement over conventional anaerobic digestion ($0.42), and return on 

investment of 21.0% annually, demonstrating strong economic viability. The payback period of 5 years (60 

months) is acceptable for environmental technology investments [78].  

 The environmental sustainability was evaluated through Environmental Performance Index (EPI) 

of 46,406 versus control EPI of 21,850, representing 112.4% improvement, and annual CO₂ reduction of 

1,547.6 kg through methane recovery replacing fossil fuel consumption. The operational reliability was 
assessed through consistency of performance over multiple cycles, with standard deviation of COD removal 

of 1.5% indicating stable operation. The system demonstrated robust performance under varying 

operational conditions, maintaining 88.0% COD removal with ±1.5% variation. The sustainability metrics 
included circular economy alignment through simultaneous wastewater treatment and renewable energy 

production, achieving dual benefits from single process [79].  

 The water-energy nexus was favourable with 1.89 kJ/g COD specific energy production, 25.7% 

higher than conventional digestion. The social sustainability was assessed through potential for rural 
application providing both clean water and renewable energy, contributing to sustainable development 

goals. The sustainability score was calculated using weighted indicators: Sustainability score = (0.3 × 

Economic score) + (0.3 × Environmental score) + (0.2 × Resource score) + (0.2 × Operational score) = (0.3 
× 85) + (0.3 × 92) + (0.2 × 88) + (0.2 × 90) = 25.5 + 27.6 + 17.6 + 18.0 = 88.7, indicating high sustainability 

(scale 0-100). The sustainability metrics validation through comparison with international standards 

showed the system exceeds requirements for wastewater treatment (COD removal > 80% vs required 70%), 
renewable energy production (> 4 kWh/m³ vs recommended 2 kWh/m³), and economic viability (positive 

ROI vs minimum 10%) [79].  

 The long-term sustainability projection indicated maintained performance over 10-year operational 

period with photocatalyst replacement every 3 cycles and equipment maintenance every 2 years. The 
sustainability metrics confirm that photo-catalytic anaerobic digestion integration offers highly sustainable 

technology with excellent resource efficiency, strong economic performance, significant environmental 

benefits, and reliable operational stability, achieving sustainability score of 88.7 and aligning with circular 

economy principles and sustainable development goals [80]. 
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Conclusion 

 This research successfully demonstrates that photo-catalytic anaerobic digestion integration offers 

a transformative approach for enhanced high-strength wastewater valorisation and biogas yield 
improvement, achieving superior performance across all evaluated parameters while maintaining economic 

viability and environmental sustainability. The integrated system achieved exceptional COD removal 

efficiency of 88.0%, representing a 16.0% absolute improvement over conventional anaerobic digestion 
(72.0%), with significantly enhanced degradation kinetics showing rate constant of 0.32 day⁻¹ (2.3-fold 

higher than control's 0.18 day⁻¹) and reduced half-life of 2.17 days versus 3.85 days. Biogas production 

increased dramatically to 5,150 mL with the integrated system versus 3,350 mL in control, demonstrating 

a 51.5% enhancement in yield, while methane content improved substantially to 90.0% compared to 65.0%, 
indicating superior biogas quality suitable for high-efficiency energy applications. The absolute methane 

production reached 4,635 mL, representing 112.8% improvement and more than doubling the methane yield 

compared to conventional digestion. The synthesized Fe-TiO₂ photocatalyst demonstrated excellent 
effectiveness with 96.5% recovery efficiency using magnetic separation and maintained 96.6% activity 

retention after three reuse cycles, confirming practical viability for continuous operation. Energy balance 

analysis revealed a cost-profit margin of $2.78 per operational cycle, representing 561.9% improvement 
over conventional anaerobic digestion ($0.42), with acceptable payback period of 5 years and annual return 

on investment of 21.0%, validating economic feasibility despite 15.0% higher energy input requirements. 

Environmental impact assessment demonstrated substantial pollution reduction preventing 1.76 kg COD 

discharge per cycle, significant greenhouse gas mitigation recovering 4,635 mL methane preventing 42,303 
L CO₂-equivalent annually, and renewable energy production of 16,590 kJ (4.61 kWh) replacing 4.24 kg 

CO₂ fossil fuel emissions per cycle. The sustainability metrics achieved comprehensive score of 88.7 (scale 

0-100), demonstrating excellent resource efficiency with 4,400 g COD/g photocatalyst utilization, strong 
economic performance with positive ROI, significant environmental benefits with Environmental 

Performance Index of 46,406 versus 21,850 for control, and reliable operational stability with only 1.5% 

performance variation. The mechanistic studies elucidated synergistic effects achieving 22.2% 

enhancement in COD removal, 51.5% improvement in biogas production, and 38.5% increase in methane 
content beyond individual process capabilities through improved substrate availability, enhanced microbial 

activity (61.5% increase in methanogenic rate), and reduced inhibitory compounds. The research validates 

that photo-catalytic integration effectively addresses fundamental limitations of conventional anaerobic 
digestion, particularly in treating high-strength wastewaters containing complex organic compounds and 

recalcitrant pollutants, by creating synergistic effects that enhance both treatment efficiency and renewable 

energy recovery. 

 The key scientific contributions include establishing pseudo-first-order kinetic model for COD removal (R² 

= 0.987) and Gompertz model for biogas production (R² = 0.992), quantifying synergistic effects with synergy 
factors of 1.22 for COD removal, 1.52 for biogas production, and 1.38 for methane content, and demonstrating 

25.7% enhancement in biogas yield per unit COD removed (585.2 mL/g vs 465.3 mL/g). The research establishes 

that photo-catalytic oxidation generates reactive species (- OH, - O₂⁻) that partially oxidize recalcitrant compounds 

into biodegradable intermediates, making them accessible to anaerobic microorganisms while stimulating 

methanogenic archaea activity through enhanced electron transfer processes and increased enzyme activity. The 

practical implications include providing wastewater treatment facilities with economically viable technology 

achieving dual benefits of pollution control and renewable energy production, offering rural applications with 

integrated clean water and energy solutions contributing to sustainable development goals, and enabling treatment 

of industrial wastewaters containing phenols, dyes, and halogenated organics that conventional treatment cannot 

effectively remove. The research recommendations include implementing photocatalyst concentration of 1.0 g/L 

as economically optimal, maintaining UV irradiance of 12 mW/cm² and temperature of 35°C for mesophilic 

conditions, utilizing magnetic separation with 0.5 Tesla field for photocatalyst recovery, and operating with 15-
day cycle duration for optimal performance. Future research directions should investigate scaling to industrial-

scale continuous operation systems, exploring alternative photocatalyst materials with enhanced visible light 

activity, evaluating treatment of specific industrial wastewaters including pharmaceutical and textile effluents, 

optimizing energy input through solar UV illumination integration, and conducting comprehensive life cycle 

assessments for environmental impact quantification. The research conclusively demonstrates that photo-catalytic 

anaerobic digestion integration represents a breakthrough technology achieving 88.0% COD removal, 51.5% 

biogas yield improvement, 90.0% methane content, $2.78 cost-profit margin, and 88.7 sustainability score, 

establishing itself as superior, sustainable, and economically viable solution for modern wastewater management 

requiring both enhanced pollution control and renewable energy recovery. 
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